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US 10,502,905 Bl

1

FERRULE COUPLING TO ON-DIE OPTICAL
SOCKE'T

BACKGROUND

Tight-tolerance coupling of optical transmission lines
between optical connectors, such as optical fibers 1n optical
terrules and optical waveguides 1n photonic integrated cir-
cuits, 1s important to reduce coupling loss of optical signals.
Especially, single mode coupling loss 1s highly sensitive to
misalignment of optical transmission lines i modularly
mating optical connectors. For example, position oflset of a
small amount (e.g., <2 um) and tilt oflset of a small amount
(e.g., <1 deg) can cause significant coupling loss (e.g., >-1
dB). Such misalignment can be caused by mismatch of
coellicients of thermal expansion (CTE) among materials
used for or around optical transmission lines coupled via
modularly mating optical connectors. When a plurality of
optical transmission lines are coupled in parallel, the mis-
alignment caused by mismatch of CTE can become larger as
every transmission line becomes away from a center of a
correspondingly coupled transmission line differently than
other coupled transmission lines within an optical ferrule.

BRIEF DESCRIPTION OF THE DRAWINGS

Certain features of various embodiments of the present
technology are set forth with particularity in the appended
claims. A better understanding of the features and advan-
tages of the technology will be obtained by reference to the
following detailed description that sets forth illustrative
embodiments, in which the principles of the mvention are
utilized, and the accompanying drawings of which:

FIG. 1 1s a schematic diagram illustrating a plan view of
an example of a wafer on which a plurality of molded
structures for optical ferrules 1s formed.

FIG. 2 1s a schematic diagram 1llustrating an example of
an optical ferrule according to some embodiments.

FIG. 3 1s a schematic diagram 1llustrating an example of
the optical ferrule shown 1 FIG. 2 coupled to a socket
according to some embodiments.

FIG. 4 1s a schematic diagram 1llustrating an example of
a process for coupling a socket to an optical ferrule accord-
ing to some embodiments.

FIG. 5 1s a schematic diagram illustrating another
example ol an optical ferrule according to some embodi-
ments.

FIG. 6 1s a schematic diagram 1llustrating an example of
the optical ferrule shown 1 FIG. 5 coupled to a socket
according to some embodiments.

FIG. 7 1s a schematic diagram illustrating still another
example of an optical ferrule according to some embodi-
ments.

FIG. 8 1s a schematic diagram 1llustrating an example of
the optical ferrule shown 1n FIG. 7 coupled to a socket
according to some embodiments.

FIG. 9 1s a schematic diagram illustrating still another
example ol an optical ferrule according to some embodi-
ments.

FI1G. 10 1s a schematic diagram illustrating an example of
the optical ferrule shown 1 FIG. 9 coupled to a socket
according to some embodiments.

FIG. 11-14 are schematic diagrams illustrating other
examples of an optical ferrule according to some embodi-

ments.

DETAILED DESCRIPTION

Various embodiments described herein are directed to an
optical ferrule and a socket for coupling with the optical
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terrule. Conventional optical ferrules and sockets are not
suflicient to restrain coupling loss caused by misalignment
ol single-mode optical transmission lines (e.g. optical fibers)
. In order to achieve optical coupling with less coupling loss,
an optical ferrule of some embodiments of the present
disclosure 1s formed by using optical ferrule structure on a
waler using waler scale micro-optic manufacturing. Water
scale micro-optic manufacturing has been employed for
micro optical elements, such as micro lenses, diffractive
filters, polarizers, and so on.

An optical ferrule according to some embodiments
includes a substrate formed of a diced water and a molded
structure formed on the substrate. The molded structure may
be formed of a light curable material. The molded structure
may include a plurality of grooves for positioning a plurality
ol optical fibers therealong, respectively. The molded struc-
ture may also include a plurality of reflective surfaces
formed to reflect optical signals from ends of the plurality of
optical fibers, respectively, or reflect incident optical signals
towards the ends of the plurality of optical fibers, respec-
tively. The molded structure may also include an alignment
structure disposed to be aligned to a corresponding align-
ment structure of a socket to which the optical ferrule 1s
coupled.

In some embodiments, the plurality of reflective surfaces
are formed to reflect the optical signals from ends of the
plurality of optical fibers such that the reflected optical
signals pass through the substrate. In some embodiments,
the plurality of reflective surfaces are formed to reflect the
optical signals from ends of the plurality of optical fibers to
a direction away from the substrate. In some embodiments,
the molded structure further includes a gap extending along
the plurality of grooves and separating the molded structure
into a plurality of portions. In some embodiments, the
alignment structure of the molded structure includes one or
more guide rails extending along the plurality of grooves. In
some embodiments, the alignment structure of the molded
structure 1ncludes one or more guide pillars extending away
from the substrate. In some embodiments, the alignment
structure of the molded structure includes one or more
recesses formed on one or more regions of the molded
structure. In some embodiments, the substrate may have a

coellicient of thermal expansion (CTE) matched to a CTE of
the molded structure.

A socket for coupling with an optical ferrule according to
some embodiments includes a base, a socket body, and an
alignment structure. The base has embedded optical trans-
mission lines and means for the optical lights to be coupled
to the ferrule via light detlectors, e.g., grating couplers. The
socket body 1s formed on the base, and includes a ferrule slot
in which the optical ferrule fits. The alignment structure 1s
formed to be aligned to a corresponding alignment structure
of the optical ferrule 1n order for the light paths to be aligned
between the optical ferrule and the base. Here, an optical
transmission line may include optical ferrules (for ferrule to
terrule coupling), optical waveguides (for ferrule to wave-
guide coupling) formed on a substrate, optical elements such
as lenses, grating couplers, diffraction gratings, etc. (for
ferrule to optical element coupling) formed on a substrate.

According to the optical ferrule and the socket of some
embodiments, positions of optical fibers can be {finely
defined at intended positions of the optical ferrule. Also,
misalignment between the optical ferrule and the socket can
be restraint due to fine alignment therebetween using the
alignment structure of the optical ferrule and the correspond-
ing alignment structure of the socket.
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FIG. 1 1s a schematic diagram 100 illustrating a plan view
of an example of a wafer on which a plurality of molded
structures for optical ferrules 1s formed. In the example
shown 1n FIG. 1, a water 102 includes a plurality of molded
structures 104 for forming a plurality of optical ferrules. The
waler 102 1s formed of applicable materials with relatively
smaller CTE compared to plastics, such as glass and silicon.
The molded structures 104 1s formed of applicable resin

T 1

materials with relatively small CTE.

In some embodiments, 1n forming the molded structures
104 on the water 102, a light-activated (e.g., UV) imprint
lithography may be employed. In some embodiments, a
light-activated imprint lithography 1s carried out in accor-
dance with the following procedure: 1) manufacturing a step
and repeat (S&R) master stamp (mold); 1) manufacturing a
working stamp (mold) from the S&R master stamp; 111)
forming a layer of a light (e.g., UV) curable resin on a water;
1v) molding a light curable material formed on a wafer using
the working stamp repeatedly for each of the molded struc-
tures; v) curing the layer of light curable resin, vi1) removing,
the working stamp from the cured layer of the light curable
resin, and vi1) dicing the water 1nto a plurality of diced chip
including a diced water and a molded structure formed
thereon. According to such light-activated imprint lithogra-
phy, a fine molded structure for optical ferrules can be
manufactured etliciently with lower cost. Further, selecting
a suitable light curable maternial that has a CTE matching
with a CTE of the water, optical ferrules robust with thermal
variation can be formed.

FI1G. 2 1s a schematic diagram 200 illustrating an example
optical ferrule according to some embodiments. In FIG. 2,
(a) illustrates a plan view of the optical ferrule, (b) 1llustrates
a cross sectional view of the optical ferrule taken along line
A-A, and (c) 1llustrates a cross-sectional view of the optical
terrule taken along line B-B (omitting optical fiber 208 for
clarity). In the example shown 1n FIG. 2, the optical ferrule
1s directed for transverse coupling and through-wafer trans-
mission of optical signals. The optical ferrule includes a
ferrule substrate 202, a ferrule molded structure 204, a
plurality of optical fibers 208 and an index matching filler
218.

In the example optical ferrule shown in FIG. 2, the ferrule
substrate 202 1s a base structure on which the ferrule molded
structure 204 1s formed. The ferrule substrate 202 may
correspond to a diced waler, and may be the diced wafer
itsell or a stacked layer of the diced water with one or more
other layers, such as an anfti-reflection (AR) layer and a
prism layer for detlecting optical signals coming into or
exiting out from the optical ferrule. In some embodiments,
the ferrule substrate 202 may be formed primarily of a glass,
silicon, or other suitable material having relatively lower
CTE (e.g., 1 ppm to 10 ppm) compared to plastics. Such
materials are preferable in that these materials enable flat,
rigid, and easily cleanable surface to be aligned with an
alignment structure of a socket. In some embodiments, the
CTE of the ferrule substrate 202 may be matched to the CTE
(c.g., 1 ppm to 50 ppm) of photonic integrated circuit
clements (e.g., waveguides, couplers, multiplexers, modu-
lators, switches, amplifiers, converters, laser generators,
etc.). The ferrule substrate 202 formed of such materials of
low CTE and/or matched CTE may be capable of sufliciently
constraiming molded optical elements (e.g., the ferrule
molded structure 204 or the photonic integrated circuit
clements) from expanding. In this paper, CIEs of two
materials can be said to be matched, when the difference of
the CTEs 1s less than 6 ppm.
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In the example optical ferrule shown 1n FIG. 2, the ferrule
molded structure 204 1s a structure for accommodating the
optical fibers 208 and aligning with a socket to which the
optical ferrule 1s coupled. In some embodiments, the ferrule
molded structure 204 1s formed of a light (e.g., UV) curable
material matched to the CTE of the ferrule substrate 202. In
some embodiments, the ferrule molded structure 204 has a
CTE (e.g., 10 ppm to 100 ppm) higher than the CTE of the
terrule substrate 202. A light curable matenial 1s preferable
in that curing can be performed at low temperature, which
can avoid thermal shrinkage during the curing and enable
excellent dimensional control. The ferrule molded structure
204 includes a base layer formed on the ferrule substrate
202, and a plurality of grooves 206, a reflector 210, a
plurality of reflective surfaces 212 formed on the reflector
210, a plurality of guide rails 214, and a gap 216 formed 1n
or on the base layer. The plurality of grooves 206 1s formed
on a surface of the base layer of the ferrule substrate 202 and
extends from a side edge thereof towards the other side edge
opposite to the side edge. Depending on the specific imple-
mentation, the cross section of the grooves 206 may have
any applicable shapes, such as a triangle, a hemai circle, a
rectangle, and so on, so as to precisely define the position of
the optical fiber 208. The *“groove” may be intended to
include both a recess formed in the ferrule molded structure
204 and a guided space formed between two protrusions on
the plane surface of the ferrule molded structure 204 and
extending substantially in parallel to each other. Herematfter,
a recess formed in the ferrule molded structure 204 1is
described as a groove for illustrative purposes. Each of the
plurality of grooves 206 terminates at an imtermediate point
between the two side edges and has an end surface 207 at the
terminating point. The end surface 207 1s formed to be 1n
contact with an end surface of the optical fiber 208 accom-
modated therein and configured to restrict movement of the
optical fiber in the extending direction of the groove 206.
The number of grooves 206 1s not limited to four, and may
be any applicable number (e.g., less than four or greater than
four).

The retlector 210 1s formed on the base layer of the ferrule
molded structure 204 to face the end surfaces of the optical
fibers 208 accommodated 1n the grooves 206, respectively.
The plurality of reflective surfaces 212 i1s configured to
reflect optical signals from the end surfaces of the optical
fibers 208 accommodated 1n the grooves 206, respectively.
In some embodiments, one or more of the plurality of
reflective surfaces 212 includes a parabolic surface config-
ured to converge a flux of light of an optical signal to
intensily the optical signal at a designed position on the
optical fiber 208. The number of the reflective surfaces 212
may correspond to the number of grooves.

In some embodiments, optical signals from an end surface
of an optical fiber 208 is reflected by a retlective surface 212
of the reflector 210 and the reflected optical signals pass
through the base layer of the ferrule molded structure 204
and the ferrule substrate 202. The passing optical signals
may be recerved by applicable devices, such as a photo
receptor and so on to convert the optical signals to electric
signals. In some embodiments, optical signals from the
outside of the optical ferrule (e.g., light flux emitted from a
light emitting diode or laser) are reflected by reflective
surface 212 of the reflector 210 and the reflected optical
signals are directed to an end surface of the corresponding
optical fiber 208 and transmitted through the optical fiber
208. In a specific implementation, a part of the optical fibers
208 may be used for signal transmission into the optical
fibers (1n-transmission), and another part of the optical fibers
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208 may be used for signal transmission out of the optical
fibers (out-transmission). In another specific implementa-
tion, a single optical fiber 208 may be used for both the
in-transmission and the out-transmission.

The plurality of guide rails 214 are formed on the base
layer of the ferrule molded structure 204 along the extending
direction of the grooves 206 adjacent to side edges of the
base layer of the ferrule molded structure 204. The guide
rails 214 serves as an alignment structure to be aligned with
corresponding alignment structure of a socket, which 1is
discussed below with reference to FIG. 3. In some embodi-
ments, each of the guide rails 214 includes rounded side
edges to be aligned with the corresponding alignment struc-
ture of the socket without conflict. In some embodiments,
the guide rails 214 may have a tapered cross sectional shape
(shown 1n (c)), such that the guide rails 214 can easily fit
with the corresponding alignment structure of the socket.
The number of the guide rails 214 1s not limited to two, and
may be one or greater than two.

The gap 216 1s formed 1n the base layer of the ferrule
molded structure 204. The gap 216 1s formed to reduce stress
caused in the ferrule molded structure 204 as a result of
thermal history, which tends to peel off the ferrule molded
structure 204 from the ferrule substrate 202. In some
embodiments, the gap 216 separates the layer of the ferrule
molded structure 204, that 1s, the gap 216 may extend to the
terrule substrate 202 and a surface of the ferrule substrate
202 may be exposed 1n the gap 216. In some embodiments,
the gap 216 extends 1n the extending direction of the grooves
206 and separates a part of the grooves 206 and a part of the
reflective surfaces 212 from another part of the grooves 206
and another part of the reflective surfaces 212. Depending on
a specific implementation, the location of the gap 216 can
vary, and 1s not limited to the center of the ferrule substrate
202.

The index matching filler 218 1s an optional layer cover-
ing end surfaces of the optical fibers 208 and the reflector
210. The index matching filler 218 1s formed to reduce
reflection loss at an interface at the end surfaces of the
optical fibers 208 and a surface of the reflector 210 facing
the end surfaces of the optical fibers 208. The index match-
ing filler 218 1s formed of a material having a refractive
index matched with that of the optical fibers 208 and/or that
of the reflector 210. In a specific implementation, when the
index matching filler 218 1s employed, a metallic surface
may be formed on the reflective surfaces 212. In another
specific implementation, when the index matching filler 218
1s not employed, an interface between the material of the
reflector 210 and its atmosphere may meet a condition of
total reflection. Also, an AR coating may be formed on the
end surfaces of the optical fibers 208.

FI1G. 3 1s a schematic diagram 300 illustrating an example
of the optical ferrule shown 1 FIG. 2 coupled to a socket
according to some embodiments. In FIG. 3, (a) 1llustrates a
perspective plan view of the optical ferrule coupled to the
socket, (b) illustrates a cross sectional view of the optical
terrule coupled to the socket taken along line B-B, and (c)
illustrates a cross sectional view of the optical ferrule
coupled to the socket taken along line C-C. For better
illustration of the structures, some of the figures of FIG. 3
and the following figures may include elements with solid
f1ll. In the example shown in FIG. 3, the socket includes a
socket base 302 and a socket body 304. The optical ferrule
coupled to the example socket, shown i FIG. 3 and the
following figures, may be removable from the socket by
sliding or moving 1n a direction opposite to an 1nsertion
direction of the optical ferrule.
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In the example socket shown i FIG. 3, the socket base
302 1s a base structure on which the socket body 304 1is
attached. The socket base 302 may be formed of an organic
substrate or applicable matenials with a relatively low CTE,
such as glass, silicon, and so on. In some embodiments, a
substrate on which various applicable circuit elements are
formed for optical signal processing may serve as the socket
base 302.

In the example socket shown 1n FIG. 3, the socket body
304 1s a main structure for coupling with the optical ferrule.
The socket body 304 may be formed of applicable materials,
such as metal, plastic, and resin (e.g., light curable resin).
When a light curable resin 1s employed for the socket body
304, the socket may be manufactured by the light imprint
lithography described above. Alternatively, the socket may
be manufactured by stamping, machining, injection mold-
ing, etc. It may also be assembled from multiple pieces
formed by various manufacturing processes. The socket
body 304 has a ferrule slot 306, and a plurality of guide slits
308 and a window (light transmission window) 310 formed
in the ferrule slot 306. The ferrule slot 306 1s a cavity having
a side opening and in which the optical ferrule can be
inserted from the side opening. The nsertion direction of the
optical ferrule may be parallel to the socket base 302 or
angled with respect to the socket base 302. The optical
ferrule may be part of a larger optical connector. In some
embodiments, the socket body 304 may be formed of a
light-transmissive material, and may not have the window
310. In some embodiments, the window 310 1s filled with a
light-transmissive material.

In the example socket shown in FIG. 3, the ferrule slot
306 1s defined by a bottom portion, side portions, and a top
portion of the socket body 304. The guide slits 308 are
formed to be aligned with the guide rails 214 of the optical
terrule. In some embodiments, the guide slits 308 may have
a wider width at the side opening of the ferrule slot 306, for
casy 1nsertion of the optical ferrule. In some embodiments,
the guide slits 308 may have a sharper edge at the end
portion thereol, as opposed to the guide rails 214, to allow
for a gap between the guide rails 214 and the guide slits 308.
When the guide rails 214 have the tapered cross sectional
shape, the guide slits 308 may also have the tapered cross
sectional shape to match the tapered cross sectional shape of
the guide rails 214. The window 310 1s formed 1n the bottom
portion of the socket body 304 to allow optical signals to
pass therethrough. The window 310 1s positioned to align
with the reflective surfaces 212 of the optical ferrule. In
some embodiments, as shown 1n (¢), the guide rails 214 may
have a ramped surface to be aligned with a ramped surface
of the top portion of the socket body 304, for easy insertion
and fine alignment of the optical ferrule.

FIG. 4 15 a schematic diagram 400 illustrating an example
of a process for coupling a socket to an optical ferrule
according to some embodiments. In FIG. 4, (a) illustrates a
cross sectional view of an open state of the socket 1n which
the optical ferrule inserted, and (b) illustrates a cross sec-
tional view of an engaged state of the socket coupled to the
optical ferrule. A socket includes a socket body 402 and a
handle 404 formed on the socket body 402. The handle 404
1s formed to allow a user to open a ferrule slot of the socket
body 402 and insert an optical ferrule while the socket (the
ferrule slot) 1s 1n an open state. Once the optical ferrule 1s
inserted into the ferrule slot and placed at an alignment
position (e.g., a position stopped by the mner wall of the
terrule slot), the handle 404 may be released to cause the
ferrule slot return to an original state at which the optical
terrule 1s engaged with the socket. In some embodiments, a
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top portion of the socket body 402, or at least part thereof,
1s formed of an elastic material that enables movement of the
top portion up and down. In some embodiments, guide rails

ol the optical ferrule may not be ramped as 1n the one shown
in FIG. 3.

FIG. 5 1s a schematic diagram 500 illustrating another
example ol an optical ferrule according to some embodi-
ments. In FIG. §, (a) illustrates a plan view of the optical
terrule, (b) illustrates a cross sectional view of the optical
ferrule taken along line A-A, and (c) illustrates a cross
sectional view of the optical ferrule taken along line B-B. In
the example shown 1n FIG. 5, the optical ferrule 1s directed
tor vertical coupling and non-through-water transmission of
optical signals. The optical ferrule includes a ferrule sub-
strate 502, a ferrule molded structure 504, a plurality of
optical fibers 508 and an index matching filler 518. Also, an
AR coating may be formed on the light passing surface of
the index matching filler 518. The ferrule molded structure
504 includes a plurality of grooves 506, a reflector 510
including a plurality of reflective surfaces 512, a plurality of
guide pillars 514, and a gap 516. Most elements of the
example optical ferrule depicted in FIG. 5 are substantially
the same or similar to the corresponding elements of the
example optical ferrule depicted in FIG. 2. Heremafter,
clements different from those of the example optical ferrule
depicted 1n FIG. 2 are primarily described, and description
of common features will be omaitted.

In the example optical ferrule shown m FIG. §, the
plurality of reflective surfaces 512 of the reflector 510 are
formed to retlect optical signals from end surfaces of the
optical fibers 508 to a direction apart from the ferrule
substrate 502. That 1s, the optical signals reflected by the
reflective surfaces 512 do not pass through the ferrule
substrate 502.

In the example optical ferrule shown in FIG. §, the
plurality of guide pillars 514 are formed on a base layer of
the ferrule molded structure 504 adjacent to ends of the
grooves 306 and extend away from the ferrule substrate 502.
The guide pillars 514 are formed to be aligned with corre-
sponding alignment structure of a socket, which 1s discussed
below with reference to FIG. 6. In some embodiments, each
of the guide pillars 514 includes rounded side edges to be
aligned with the corresponding alignment structure of the
socket without conflict. In some embodiments, the guide
pillars 514 may have a tapered cross sectional shape (shown
in FIGS. 6 (b) and (¢)), such that the guide pillars 514 can
casily {it with the corresponding alignment structure of the
socket. The number of the guide pillars 514 1s not limited to
two, and may be one or greater than two.

FIG. 6 1s a schematic diagram 600 illustrating an example
of the optical ferrule shown 1 FIG. 5 coupled to a socket
according to some embodiments. In FIG. 6, (a) 1llustrates a
perspective plan view of the optical ferrule coupled to the
socket, (b) 1llustrates a cross sectional view of a non-
engaged state of the optical ferrule placed on the socket
taken along line C-C, and (c) 1llustrates a cross sectional
view of an engaged state of the optical ferrule coupled to the
socket taken along line C-C. In the example shown 1n FIG.
6, the socket includes a socket base 602, a socket body 604,
a plurality of guide holes 606, a socket 11d 608, and an elastic
layer 610. Most elements of the example socket depicted 1n
FIG. 6 are substantially the same or similar to the corre-
sponding elements of the example socket depicted 1n FIG. 3.
Heremaiter, elements different from those of the example
socket depicted i FIG. 3 are primarily described, and
description of common features will be omaitted.
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In the example socket shown 1n FIG. 6, the ferrule slot of
the socket body 604 1s a cavity having a top opening and in
which the optical ferrule can be placed from the top opening.
The ferrule slot of the socket body 604 1s defined by a
bottom portion and side portions. The guide holes 606 are
formed to be aligned with the guide pillars 514 of the optical
terrule. In some embodiments, the guide holes 606 may have
a tapered edge for easy placement of the optical ferrule in the
terrule slot and have a depth deeper than a length of the
guide pillars 514. In some embodiments, the socket body
604 has a surface to be aligned with a bottom surface of the
ferrule substrate 502 for fine alignment. In some embodi-
ments, each of the bottom part of the socket body 604 and
the socket base 602 has a window (not shown 1n FIG. 6) to
allow optical signals to pass through.

In the example socket shown 1n FIG. 6, the socket 11d 608
1s an element to close the ferrule slot of the socket body 604
alter the optical ferrule placed 1nto the ferrule slot. In some
embodiment, the socket lid 608 has a surface formed to be
aligned with a surface (e.g., top surface) of the socket body
604.

In the example socket shown 1n FIG. 6, the elastic layer
610 1s an element to apply a down force to the optical ferrule
placed 1n the ferrule slot, for stability of the optical ferrule,
after the socket lid 608 close the ferrule slot. In some
embodiments, the elastic layer 610 may be formed of a
rubber material, a spring structure, or combination thereof.
The elastic layer 610 may or may not be attached to the
bottom surface of the socket lid 608.

FIG. 7 1s a schematic diagram 700 1llustrating still another
example of an optical ferrule according to some embodi-
ments. In FIG. 7, (a) illustrates a plan view of the optical
terrule, (b) illustrates a cross sectional view of the optical
ferrule taken along line A-A, and (c) illustrates a cross
sectional view of the optical ferrule taken along line B-B. In
the example shown 1n FIG. 7, the optical ferrule 1s directed
for vertical coupling and through-wafer transmission of
optical signals. The optical ferrule includes a ferrule sub-
strate 702, a ferrule molded structure 704, a plurality of
optical fibers 708 and an index matching filler 718. The
terrule molded structure 704 includes a plurality of grooves
706, a retlector 710 including a plurality of reflective sur-
faces 712, a plurality of alignment recesses 714, and a gap
716. Most elements of the example optical ferrule depicted
in FIG. 7 are substantially the same or similar to the
corresponding elements of the example optical ferrule
depicted 1n FIG. 2 and/or FIG. 5. Hereinafter, elements
different from those of the example optical ferrule depicted
in FIG. 2 and/or FIG. § are primarnly described, and descrip-
tion of common features will be omuitted.

In the example optical ferrule shown i FIG. 7, the
plurality of alignment recesses 714 are formed on side edges
of a base layer of the ferrule molded structure 704 1n line
with the reflector 710. The alignment recesses 714 are
formed to be aligned with corresponding alignment structure
of a socket, which 1s discussed below with reference to FIG.
8. In some embodiments, each of the alignment recesses 714
includes a rounded surface to be aligned with the corre-
sponding rounded surface of the socket without conflict. The
number of the alignment recesses 714 1s not limited to two,
and may be one or greater than two.

FIG. 8 15 a schematic diagram 800 illustrating an example
of the optical ferrule shown 1 FIG. 7 coupled to a socket
according to some embodiments. In FIG. 8, (a) 1llustrates a
perspective plan view of the optical ferrule coupled to the
socket, (b) illustrates a cross sectional view of a non-
engaged state of the optical ferrule placed on the socket
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taken along line C-C, and (c) illustrates a cross sectional
view of an engaged state of the optical ferrule coupled to the
socket taken along line C-C. In the example shown 1n FIG.
8, the socket includes a socket base 802, a socket body 804,
a plurality of engagement sliders 806, a socket cover 808,
and a window 810. Most elements of the example socket
depicted 1in FIG. 8 are substantially the same or similar to the
corresponding elements of the example socket depicted 1n
FI1G. 3 and/or FIG. 6. Hereinatfter, elements different from
those of the example socket depicted 1n FIG. 3 and/or FIG.
6 arc primarily described, and description of common fea-
tures will be omatted.

In the example socket shown 1n FIG. 8, the ferrule slot of
the socket body 804 1s a cavity having a side opening and in
which the optical ferrule can be placed from the side
opening. The ferrule slot of the socket body 804 1s defined
by a bottom portion and side portions. The socket body 804
includes a plurality of side openings 1n which the engage-
ment sliders 806 can be placed, respectively. In some
embodiments, a bottom portion of the socket body 804 has
a surface to be aligned with a bottom surface of the ferrule
substrate 702 for fine alignment.

In the example socket shown 1n FIG. 8, the engagement
sliders 806 are accommodated 1n the side openings of the
socket body 804 and slidable 1n transverse directions. In
some embodiments, the engagement sliders 806 may be
urged to outside direction by an elastic member such as a
spring, such that the ferrule slot of the socket body 804 has
a suilicient opening to insert the optical ferrule when the
engagement sliders 806 are not pushed by end latches of the
socket cover 808. At least one of the engagement sliders 806
includes a tapered (or a rounded) edge at an inner bottom
side thereof. The engagement slider 806 rides onto a top
surface of the ferrule substrate 702 when pushed by the end
latch of the socket cover 808 and apply a down force to the
terrule substrate 702 for stability of the optical ferrule.
Similarly, at least one of the engagement sliders 806
includes a tapered (or a rounded) edge at an outer top side
thereol, which enables smooth sliding of the engagement
sliders 806 1n the side openings of the socket body 804. The
number of the engagement sliders 806 1s not limited to two,
and may be one or greater than two.

In the example socket shown in FIG. 8, the socket cover
808 1s engageable with the socket body 804. The socket
cover 808 can shield ambient light from entering into the
ferrule slot of the socket body 804, which may cause
interference of optical signals. The socket cover 808
includes the side latches configured to push the engagement
sliders 806 inward when engaged with the socket body 804.
The socket cover 808, at least part thereol, 1s formed of an
clastic material such that the side latches expand when
attached to the socket body 804 and return to push the
engagement sliders 806.

FIG. 9 1s a schematic diagram 900 1llustrating still another
example of an optical ferrule according to some embodi-
ments. In FIG. 9, (a) illustrates a plan view of the optical
terrule, (b) illustrates a cross sectional view of the optical
terrule taken along line A-A, and (c¢) illustrates a cross
sectional view of the optical ferrule taken along line B-B. In
the example shown 1n FIG. 9, the optical ferrule 1s directed
tor vertical coupling and non-through-water transmission of
optical signals. The optical ferrule includes a ferrule sub-
strate 902, a ferrule molded structure 904, a plurality of
optical fibers 908 and an index matching filler 918. The
terrule molded structure 904 includes a plurality of grooves
906, a retlector 910 including a plurality of reflective sur-
faces 912, a plurality of alignment recesses 914, and a gap
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916. Most elements of the example optical ferrule depicted
in FIG. 9 are substantially the same or similar to the
corresponding elements of the example optical ferrule
depicted 1n FIG. 5 and/or FIG. 7. Heremafter, elements
different from those of the example optical ferrule depicted
in FIG. 5 and/or FIG. 7 are primarily described, and descrip-
tion of common features will be omitted.

In the example optical ferrule shown in FIG. 9, the
plurality of alignment recesses 714 are formed on side edges
of a base layer of the ferrule molded structure 904 1n line
with the reflector 910. The alignment recesses 914 are
formed to be aligned with corresponding alignment structure
of a socket, which 1s discussed below with reference to FIG.
10. In some embodiments, one or more of the alignment
recesses 914 includes a rounded surtace to be aligned with
the corresponding rounded surface of the socket without
coniflict. In some embodiments, one or more of the align-
ment recesses 914 includes a tapered or rounded edge for
casy placement of the optical ferrule on to a ferrule slot of
the socket. The number of the alignment recesses 914 1s not
limited to two, and may be one or greater than two.

FIG. 10 1s a schematic diagram 1000 illustrating an
example of the optical ferrule shown 1n FIG. 9 coupled to a
socket according to some embodiments. In FIG. 10, (a)
illustrates a perspective plan view of the optical ferrule
coupled to the socket, (b) 1llustrates a cross sectional view
ol a non-engaged state of the optical ferrule placed on the
socket taken along line C-C, and (c) illustrates a cross
sectional view of an engaged state of the optical ferrule
coupled to the socket taken along line C-C. In the example
shown 1n FIG. 10, the socket includes a socket base 1002, a
socket body 1004, a plurality of engagement sliders 1006, a
socket cover 1008, an elastic layer 1010, a window 1012, a
plurality of engagement latches 1014, a plurality of latch
receptor recesses 1016, and an engagement edge 1018. Most
clements of the example socket depicted in FIG. 10 are
substantially the same or similar to the corresponding ele-
ments of the example socket depicted 1n FIG. 6 and/or FIG.
8. Hereinafter, elements diflerent from those of the example
socket depicted i FIG. 6 and/or FIG. 8 are primarily
described, and description of common features will be
omitted.

In the example socket shown 1n FIG. 10, the socket body
1004 includes the latch receptor recesses 1016 to be engaged
with the engagement latches 1014 of the socket cover 1008.
Different from the end latches of the socket cover 808 1n
FIG. 8, the engagement latches 1014 may not directly
function to align the optical ferrule with the socket, and
rather function to be engaged with the socket body 1004.
The socket body 1004 also includes the engagement edge
1018 for fine alignment with side surfaces of the alignment
recesses 914 and also for fine alignment with a bottom
surface of the ferrule substrate 902.

FIG. 11-14 are schematic diagrams illustrating other
examples of an optical ferrule according to some embodi-
ments. FIG. 11 1s a schematic diagram 1100 illustrating a
side view of an example of an optical ferrule having a step
structure according to some embodiments. The optical fer-
rule includes a ferrule substrate 1102, a ferrule molded

structure 1104, a plurality of reflectors 1106, and a plurality
of optical fibers 1108. In the example optical ferrule shown
in FI1G. 11, the ferrule molded structure 1104 includes a step
structure having a plurality of steps, and each of the steps
includes one or more grooves for accommodating one or
more of the optical fibers 1108. The plurality of reflectors
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1106 are disposed on the plurality of steps, respectively, to
reflect optical signals from or to the one or more corre-
sponding optical fibers 1108.

FIG. 12 1s a schematic diagram 1200 illustrating a top
plan view of an example of an optical ferrule according to
some embodiments. The optical ferrule includes a ferrule

substrate 1202 and a ferrule molded structure 1204. The
terrule substrate 1202 includes a plurality of alignment
recesses 1206 used for alignment of the optical ferrule with
a socket. In some embodiments, the alignment recesses 1206
may be used for coarse alignment of an alignment structure
of a socket (e.g., the engagement edge 1018 in FIG. 10)
betfore an alignment structure of the ferrule molded structure
1104 1s finely aligned with the alignment structure of the
socket.

FIG. 13 1s a schematic diagram 1300 illustrating a top
plan view of an example of an optical ferrule according to
some embodiments. The optical ferrule includes a ferrule
substrate 1302, a ferrule molded structure 1304 having a
plurality of grooves 1306 and side edges 1310 for alignment
to a corresponding socket, and a plurality of optical fibers
1308. In the example optical ferrule shown in FIG. 13, a
width of the ferrule molded structure 1304 in a direction
crossing an extending direction of the grooves 1306
decreases from a side from which the plurality of optical
fibers extend out of the optical ferrule to a side opposite to
the side, and the alignment structure of the molded structure
includes one or more side edges 1310. According to the
ferrule molded structure 1304 having the side edges 1310,
no separate alignment structure for aligning with the socket
may be required.

FIG. 14 1s a schematic diagram 1400 1llustrating a side
view of an example of an optical ferrule according to some
embodiments. The optical ferrule includes a ferrule substrate
1402, a ferrule molded structure 1404, one or more optical
fibers 1408, and a prism 1410. In the example optical ferrule
shown 1n FIG. 14, the prism 1410 1s disposed on a surface
of the ferrule substrate 1402 opposite to a surface of the
terrule substrate 1402 on which the ferrule molded structure
1404 1s formed. The prism 1410 1s configured to deflect the
optical signals passing through the ferrule substrate 1402. In
some embodiments, nstead of or 1n addition to the prism
140, other functional layers may be formed on the surface
opposite to the surface on which the ferrule molded structure
1404 1s formed.

It should be emphasized that many varnations and modi-
fications may be made to the above-described embodiments,
the elements of which are to be understood as being among,
other acceptable examples. All such modifications and varia-
tions are intended to be included herein within the scope of
this disclosure. The foregoing description details certain
embodiments of the invention. It will be appreciated, how-
ever, that no matter how detailed the foregoing appears 1n
text, the invention can be practiced in many ways. As 1s also
stated above, the use of particular terminology when
describing certain features or aspects of the invention should
not be taken to imply that the terminology 1s being re-
defined herein to be restricted to including any specific
characteristics of the features or aspects of the mvention
with which that terminology 1s associated. The scope of the
invention should therefore be construed 1n accordance with
the appended claims and any equivalents thereof. For
example, an optical ferrule may have guide rails and have
reflective surfaces to direct reflected optical signals away
from a ferrule substrate (non-through-watfer signal transmis-
s101).
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Conditional language, such as, among others, “can,
“could,” “might,” or “may,” unless specifically stated oth-
erwise, or otherwise understood within the context as used,
1s generally intended to convey that certain embodiments
include, while other embodiments do not include, certain
features, elements and/or steps. Thus, such conditional lan-
guage 1s not generally intended to imply that features,
clements and/or steps are 1n any way required for one or
more embodiments. Alternatively, one or more embodi-
ments necessarily include logic for deciding, with or without
user input or prompting, whether these features, elements
and/or steps are included or are to be performed in any
particular embodiment.

What 1s claimed 1s:

1. An optical ferrule comprising:

a substrate formed of a diced wafer;

a molded structure formed on the substrate, the molded

structure formed of a curable material, and comprising:

a plurality of grooves for positioning a plurality of
optical fibers therealong, respectively; and

a plurality of retlective surfaces formed to reflect
optical signals from ends of the plurality of optical
fibers, respectively, or reflect incident optical signals
towards the ends of the plurality of optical fibers,
respectively; and

an alignment structure disposed to be aligned to a corre-

sponding alignment structure of a socket to which the
optical ferrule 1s coupled.

2. The optical ferrule of claim 1, wherein the plurality of
reflective surfaces are formed to reflect the optical signals
from ends of the plurality of optical fibers such that the
reflected optical signals pass through the substrate.

3. The optical ferrule of claim 2, further comprising a
prism disposed on a surface of the substrate opposite to a
surface of the substrate on which the molded structure 1s
formed and configured to deflect the optical signals passing
through the substrate.

4. The optical ferrule of claim 1, wherein the plurality of
reflective surfaces are formed to reflect the optical signals
from ends of the plurality of optical fibers to a direction
away from the substrate.

5. The optical ferrule of claim 1, wherein the molded
structure further includes a gap extending along the plurality
of grooves and separating the molded structure into a
plurality of portions.

6. The optical ferrule of claim 5, wherein the gap sepa-
rates a first portion of the molded structure including at least
one ol the plurality of reflective surfaces and a second
portion of the molded structure including at least another
one of the plurality of reflective surfaces.

7. The optical ferrule of claim 1, wherein the alignment
structure 1s 1ntegrally formed with the molded structure and
includes one or more guide rails extending along the plu-
rality of grooves.

8. The optical ferrule of claim 1, wheremn the alignment
structure 1s 1itegrally formed with the molded structure and
includes one or more guide pillars extending away from the
substrate.

9. The optical ferrule of claim 1, wherein the alignment
structure 1s 1ntegrally formed with the molded structure and
includes one or more recesses formed on one or more side
edges of the molded structure.

10. The optical ferrule of claim 1, wherein the substrate
has a coetlicient of thermal expansion (CTE) matched to a
CTE of the molded structure, the socket or an optical
transmission line on a substrate to which the optical ferrule
1s coupled.
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11. The optical ferrule of claim 1, wherein, 1n at least a
part of the molded structure, a width of the molded structure
in a direction crossing an extending direction of the plurality
ol grooves decreases from a side from which the plurality of
optical fibers extend out of the optical ferrule to a side 5

opposite to the side, and the alignment structure includes one
or more side edges thereol.

12. The optical ferrule of claim 1, wherein the molded
structure includes a step structure having a plurality of steps,
and each of the steps includes one of the plurality of grooves. 10

13. The optical ferrule of claim 1, wherein each of the
plurality of retlective surfaces includes a parabolic surface.
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